Selected cephalosporins, including cefamandole, cephaloridine, cephaloglycin, and cefoxitin, were examined for their ability to inhibit the enzymatic activity of and act as substrates for beta-lactamases produced by Enterobacter cloacae and Staphylococcus aureus. Enzyme inhibition was determined by Michaelis-Menten kinetic measurements and by a spot plate assay using a chromogenic substrate (Glaxo compound 87/312). These two methods provide comparable estimates of kinetic parameters. Inhibition of beta-lactamase, as measured by these two methods, was generally found to correlate with resistance to hydrolysis and is proposed as a preliminary method of assessing susceptibility of cephalosporins to beta-lactamase hydrolysis. Four 7-aOCH3, 7-aH cephalosporin analogue pairs were also examined. The presence of the 7-aOCH3 substituent invariably resulted in reduced susceptibility to enzymatic hydrolysis, regardless of the other C7 substituent. The 7-aOCH3 compounds were also better inhibitors than were their 7-aH analogues, with the exception that 7-aOCH3 compounds having C7 adipic acid substituents were less inhibitory to the S. aureus enzyme than were the corresponding 7-aH analogues. Response of these two enzymes to 7-aOCH3 and 7-aH cephalosporins suggests that beta-lactamase hydrolysis of these compounds involves attack at the alpha side of the betalactam ring.
cephalosporin C or deacetyl-3-O-carbamoylcephalosporin C, their 7-hydrogen analogues, and the carbamoyloxymethyl derivative was reported (18) to be more active against gramnegative than gram-positive bacteria. Cefoxitin, a thienylacetyl derivative of deacetyl-3-0-carbamoyl-7-a-methoxycephalosporin C, has been reported to have activity against grampositive and gram-negative organisms (21) . This 7-methoxylated cephalosporin generally showed resistance to the action of beta-lactamases from both gram-positive and gram-negative bacteria (14) , and it was suggested that this characteristic contributed to the broad antimicrobial spectrum observed. There is considerable disagreement as to the relative importance of beta-lactamases in bacterial resistance to beta-lactam antibiotics (20) . Because of the lack of uniform correlation between in vitro minimal inhibitory concentration values and lability of these compounds to enzymatic hydrolysis (1, 10, 11) , this lability, by itself, is not sufficient evidence to predict bacterial susceptibility. Despite this, it is probable that the action of these enzymes does contribute to resistance although not always as the limiting factor. Given this assumption, the affinity of a betalactamase for a given cephalosporin should play a role in overall resistance of a beta-lactamaseproducing organism. The affinity (Ki) can be measured directly by using the compound as substrate or alternatively can be estimated from the Ki as determined from inhibition studies. Estimation of affinity by the latter method is particularly useful with beta-lactamases because many interesting cephalosporins are hydrolyzed at such low rates that accurate measurement ofKm values is not possible. The discovery of a chromogenic substrate for beta-lactamase (12) Beta-lactamase purification. The beta-lactamase (Richmond tiype I) fromE. cloacae 265A was purified in a manner similar to that described for E. cloacae P99 (17) , except that chromatography was performed on diethylaminoethyl-Sephadex (Pharmacia Fine Chemicals, Inc., Piscataway, N.J.), pH 7.5, instead of QAE-Sephadex. The S. aureus 13136 betalactamase was purified according to a modification of a previous method (15 (8) .
Enzymatic hydrolysis of cephalosporins. Hydrolysis rates of cephalosporins for both enzymes were determined by monitoring the optical density at the wavelength associated with maximum absorption of the beta-lactam ring (13) . The maximum absorption varied slightly among the compounds examined, but all were within the range from 260 to 270 nm. The relative hydrolysis rate (RHR) is the rate as a percentage of the cephaloridine rate.
The reaction mixture for determination of the hydrolysis rate consisted of 0.4 ml of bovine serum albumin (0.5 mg of protein per ml of solution in 0.05 M NaPO4, pH 7.0), 0.15 mg of substrate (dissolved in 0.05 M NaPO4, pH 7.0), an appropriate amount of enzyme to give linear rates, and sufficient 0.05 M NaPO4 buffer, pH 7.0, to give a total volume of 3.0 ml. The reaction mixture was placed in a 3-ml (1-cm light path) cuvette, and the optical density was monitored in a Gilford recording spectrophotometer equipped with thermal spacers to maintain temperature at 37°C. Hydrolysis rates were determined from the de*ease in optical density that occurred during the first 5 min of the reaction.
Kinetic measurements. Determination of K{ for the various cephalosporins was made by assessing the ability of these antibiotics to inhibit the hydrolysis of compound 87/312. Reaction mixtures identical to that described above were used, except that 87/312 was used as the substrate and the optical density was measured at 482 nm. Inhibition constants (K1) were determined from either Lineweaver-Burk (7) or Dixon plots (2).
Spot plate assay for determination of inhibition.
Utilizing 87/312 as substrate, a spot plate assay was developed for the identification of cephalosporins that inhibit beta-lactamases. The assay is based on visual observation of the extent of hydrolysis of the chromogenic substrate 87/312 in the presence of a decreasing concentration of the putative inhibitor. Spot tests with 87/312 have previously been employed solely for the detection and quantitation of beta-lactamase activity (6, 12) . Cephalosporin solutions were prepared at concentrations of 2 mg/ml (or greater) in 0.05 M NaPO4, pH 7.0, buffer. A portion (100 ,uI) ofthis solution was placed in a well of a spot plate (model 96U-WS; Linbro Chemical Co., Inc., New Haven, Conn.), and the cephalosporin concentration was serially diluted 1:5 by the sequential transfer, with an Eppendorf pipette, of 20 1.l of solution to wells containing 80 ,ul of 0.05 M NaPO4 buffer, pH 7.0. Enzyme (0.005 U) was then added to each well and mixed, and the mixture was incubated for 10 min at room temperature. One unit is the amount of enzyme required to hydrolyze 1 gmol of 87/312 in 1 min at 37°C and pH 7.0. A 20-,ul amount of the chromogenic substrate 87/ 312 (0.516 mg/ml in 0.05 M NaPO4, pH 7.0) was then added to each well and incubation was continued at room temperature. The final volume in each well was 120 ,ul. The inhibition of these two enzymes is also qualitatively different. The 13136 enzyme was competitively inhibited by all the cephalosporins in this group. The 265A enzyme, however, showed competitive inhibition only by cephaloridine, whereas the other four compounds acted as noncompetitive inhibitors.
Since all of these compounds show some degree of affinity for beta-lactamases, one might be able to predict beta-lactamase stability of beta-lactams by measuring their ability to inhibit these enzymes. In Table 2 Stability studies of 7-aOCH3 cephalosporins. The usefulness of determining hydrolysis rates and kinetic parameters in the study of the interaction between beta-lactamases and beta- VOL. 10, 1976 on October 23, 2017 by guest http://aac.asm.org/ 474 MAHONEY, KOPPEL, AND TURNER about 2-fold for the compounds containing an adipic acid side chain. A similar increased affinity for the 13136 enzyme is seen with 7-caOCH3-substituted compounds, providing that the adipic acid chain is also present. Affinity for the 13136 enzyme is reduced by the -aOCH3 group when substituted on compounds having side chains other than adipic acid, that is, compounds I (cefoxitin) and III.
As opposed to the mixed response toward affinity caused by the substitution of 7-aH with 7-aOCH3, the effect of this change on hydrolysis appears to be straightforward. In all cases, the compound containing the 7-aOCH3 group is more resistant to hydrolysis than is its 7-aH analogue.
The type of inhibition found for both enzymes differs for this group of compounds (Table 4) . For the first two analogue pairs, the 7-aH analogues (compounds II and IV) showed noncompetitive inhibition ofthe 265A enzyme and competitive inhibition of the 13136 enzyme. Compound I (cefoxitin) showed competitive inhibition with both enzymes. Unfortunately, the 7-aOCH3 analogue of the second pair (compound III) could not be classified because of a nonlinear reaction rate in the presence of this compound. With the weaker inhibitors, i.e., the third and fourth analogue pairs, both 7-aOCH3 and 7-aH compounds (compounds V through VIII) were competitive inhibitors of the 265A enzyme, whereas the 7-aOCH3 analogues (compounds V and VII) showed noncompetitive inhibition of the 13136 enzyme. Inhibition of the 13136 enzyme by the 7-aH analogues of these two pairs (compounds VI and VIII) could not be classified because of the low affinity of these two compounds for the enzyme, as shown by the spot plate end points in Table 3 (12) probably is responsible for the slightly poorer correlation between affinity and reaction velocities found with this enzyme.
Substitution of 7-aH with 7-aOCH3 in the cephalosporins examined here has a direct and unequivocal effect on enzymatic hydrolysis in that the 7-aOCH3 analogue was always more resistant to enzymatic degradation. However, studies on the chemical hydrolysis ofthese compounds show that addition of a 7-aOCH3 group has no effect on the stability of cephalosporins to nucleophiles because the beta-face of the beta-lactam ring remains open to attack (5) . In contrast, the addition of a 6-aOCH3 group to a penicillin results in chemical stability since both faces of the ring are then blocked. Since the rate of enzymatic hydrolysis is severely reduced by the addition of 7-aOCH3 to cephalosporins, it seems reasonable that enzymatic at- tack may originate from the a-face rather than the beta-face of the beta-lactam ring and further that the beta-face may be inaccessible when the compound is bound to the enzyme.
Other related reports (3, 4) show that 7-aOCH3-substituted cephalosporins are 10-fold better inhibitors ofEscherichia coli transpeptidase than are their 7-aH analogues. The finding in this study that 7-aOCH3-substituted cephalosporins invariably have greater affinity for the Enterobacter beta-lactamase and usually have greater affinity for the S. aureus beta-lactamase suggests again (19) the possibility that active centers on transpeptidase and beta-lactamase enzymes may share similar configurations. Therefore, a study of the mechanism by which compounds inhibit beta-lactamases may provide important information on the capability of these compounds to inhibit the activity of transpeptidases.
